In the present study, non-evaporable water (NEW) and degree of hydration (DOH) of cement paste in the presence of silica nanoparticles (SNPs) and silica fume (SF) have been investigated. The incorporation of SNPs increased the NEW content due to the formation of more amount of hydration products. On the basis of NEW content, DOH was also calculated at different time intervals and it was found to increase from 28% to 85% in SNPs modified cement, while with the addition of SF increment was 74% at 56 days of hydration. In addition, capillary porosity of SNPs incorporated cement paste was also calculated and observed ~75% reduction as compared to plain cement. These results attributed that the SNPs refines the pore structure as a result of pozzolanic reaction and formation of additional calcium-silicate-hydrate (C-S-H). FTIR results show the appearance of bridging silicate tetrahedral (Q 2 ), characteristic peak at 970 cm -1 and a hump at ~1108 cm -1 due to the formation of polymerised C-S-H. The microstructure studies through SEM revealed that the SNPs refined the pore structure of the cement paste leading to denser microstructure as a result of more polymerized C-S-H gel formation, desirable for high strength and durability.
Introduction
Cement hydration is a continuous process that favours the growth of crystalline and semi-crystalline hydration products. The hydration of cement represents the reaction of cement grains with water and the part of water consumed by hydration products during chemical reaction becomes chemically bound. According to Powers and Brownyard, about 0.23g of water is combined with 1g of cement, known as chemically bound water (Powers et al. 1946) . The content of non-evaporable water (combined water) associated in the fully hydrated cement paste is used as a measure of the degree of hydration (Taylor 1997) . Earlier studies showed that the determination of non-evaporable water is most accurate method to better understand the hydration chemistry of the cementitious materials (Copei et al. 1953) . Cement paste dried in 100% RH condition achieve maximum degree of hydration as well as compressive strength (Nasir 2011) . Several authors reported different methods to determine the degree of hydration of cement paste which includes estimation of the amount of calcium hydroxide (CH), quantity of the chemically bound water, fraction of unhydrated cement, liberated heat of hydration and strength of the hydrated cement (Midgley et al. 1979; Dilshad 2011; Mouret et al. 1997; Wong et al. 2009 ). Differential scanning calorimetry (DSC) technique was employed to estimate DOH using both calcium hydroxide and the total amount of energy absorbed due to the dehydration and dehydroxylation reactions (Abdelrazig et al. 1989) . All these available methods determine the degree of hydration of pure cement paste system; however, none of these are capable to estimate the degree of hydration of cementitious system using pozzolanic materials such as flyash, silica fume and nanomaterials.
In cement, nanoparticles incorporation has been explored to accelerate the hydration process (Scrivener et al. 2008) . It is established by a number of investigations that traditional cement based materials show profoundly enhanced properties when engineered at nanoscale (Sanchez et al. 2010) . Additions of nanoparticles provide denser microstructure of cement during the hydration process and fill pore voids to increase its strength. Porosity of cement paste is one of the most important microstructural features, which manifests at different length scales. The capillary porosity is associated with the large scale (2.5-50nm) and interconnected, which exist within the unhydrated part of cement paste. These are irregular in shape and their amount is dependent on water-to-cement ratio and degree of hydration. The gel pores are present within interlayer of C-S-H gel and adsorbed on the surface of hydration products (Hansen 1986; Powers 1958; Jenning et al. 2008) . These are about 0.5-2.5 nm in size; too small to adversely affect strength or permeability (independent of w/c). The volume of porosity has been measured by several authors using gas sorption, solvent exchange and thermogravimetric methods (Snoeck et al. 2014) . In cement-based materials, there are enormous fine pores which cannot be observed by image analysis, and there are very large pores (voids) which cannot be correctly determined by mercury porosimetry (Chen et al. 2013) . From the measurements of the evaporable and nonevaporable water contents in the cement paste, the degree of hydration and porosity are estimated using relations which are based on known reaction stoichiometry and volumetric proportions of the reaction products (Hansen,1986) .
As mentioned by several authors, the addition of silica fume accelerates the hydration of cement and the formation of more C-S-H takes place (Kishar et al. 2010) . The pozzolanic reaction consumes CH, leading to the formation of a polymerised C-S-H of low Ca/Si ratio (Singh et al. 2013) . The densification of the C-S-H with the increase in the degree of hydration (α), the bulk density of C-S-H increases (1.8 to 2.1g/cm 3 ). This increase corresponds to a transition from growth of low density product containing gel pores to higher density product devoid of gel pores, leading to increase in the number of layers in the C-S-H nanocrystalline aggregates (Muller et al. 2013) . Thomas et al. 2009 , defend the formation of independent C-S-H nanoparticles with a specific surface area which stabilize and start stimulating the nucleation of new particles on their surfaces or agglomerate with other nucleated nanoparticles.
In the present paper the influence of silica nanoparticles on degree of hydration and porosity of cement paste was estimated through nonevaporable water content. With the addition of silica nanoparticles, how the capillary porosity reduced. Further, the hydration behaviour was characterised by TGA, FTIR and SEM/EDX. This work presenting the comperative and quantitative prediction of SNPs and SF addition effect on hydration property of modified paste to elucidate their role in concrete performance and durability.
Materials and methods
The cement used in the present study was 43 grade OPC, Type I conforming to IS:8112. The cement was analysed using X-Ray Fluorescence (XRF) technique for chemical composition, which are listed in Table 1 . A high quality commercial grade silica fume was used. Its chemical and physical properties are given in Table 1 . Laboratory prepared powder silica nanoparticles were used in the present study. Synthesised silica nanoparticles are spherical, well dispersed and amorphous in nature (Singh et al. 2015) . All the necessary details are given in Table 1 .
Sample preparation
The present work was carried out on the cement paste with two different water-to-cement ratio i.e. 0.3 and 0.35. At 0.3 w/c, as the doses of silica nanoparticles increased from 1 to 3%, it was found difficulty in the mixing with in cement due to less workability. This effect is attributed to high surface area of silica nanoparticles, which requires more water to attain certain relative slump as previously reported (Brouwers et al. 2005) . Afterward, the study was carried out at 0.35 w/c (fixed for all mix). Further, silica nanoparticles (SNPs) and silica fume (SF) were added to cement in different percentages such as 1, 2 and 3%. Prior to mixing SNPs into cement, sonication method was used, wherein SNPs and water were sonicated for 30 min using a bath sonicator till the solution become milky, afterward this mixture was added into cement and thoroughly mixed. The cement-SNPs slurry was then mixed for 5 minutes before casting into small balls. Curing of specimens was continued at 20±1ºC till he testing time period.
Methods 2.2.1 Non-evaporable water content
The loss on ignition method (LOI) was used to determine non-evaporable water (NEW) content at the selected ages of hydration. For this, the core of the samples was crushed and immediately soaked in acetone for 24h to stop further hydration at specific time duration as well as to minimise carbonation. The powdered samples were dried in oven at 110ºC for 24h. It was assumed that the weight loss measurements at 110ºC removed all evaporable water and small contributions from the dehydration of ettringite. The contribution from dehydration of ettringite was considered to be small as the sulfate content of cement is low. These oven dried samples were further weighed and ignited in muffle furnace at 1050ºC for 4h. All chemically bound water is assumed to be lost on ignition of the sample at 1050ºC. The NEW was obtained as the difference in mass between 110-1050ºC heating and corrected for the LOI of unhydrated 
Degree of hydration
The degree of hydration (DOH) is assumed to be proportional to the amount of water that has been chemically combined into hydration products. The degree of hydration includes total amount of hydration products formed in the cement. The NEW was determined by measuring the weight difference between 110 to 1050ºC corresponds to the chemically bound water content. According to Power and Brownyard, 1g of fully hydrated cement combined 0.23g of non-evaporable water (Taylor 1997). T.C. Powers developed several empirical relationships for degree of hydration based on the amount of NEW, given as:
Where W n (t) is the non-evaporable water at time (t), Wc is the weight of cement content. The total DOH (α T ) in the paste containing pozzolanic materials can be expressed as the sum of degree of hydration of plain cement (α C ) and pozzolanic materials (α p ) (Neithalath et al. 2008 ).
The degree of hydration of cement and additives cannot be separated, rather this formula derived by Schwarz et al. (2008) , provides overall degree of hydration of the modified cement paste. For, SF and SNPs modified cement paste, ( ) 0 n p W = , as it is assumed that the formation of C-S-H from amorphous silica and calcium hydroxide does not consume any additional water, so the total DOH predicted for SF and SNPs admixed paste is an apperent DOH, calculated by equation (3). 
Capillary porosity
Porosity and permeability of cement based materials are crucial parameters for durability assessment. The volume change is directly related to porosity. It is possible to calculate pore space by measuring the loss of evaporable water and non-evaporable water. The evaporable water is determined by oven drying of the samples. NEW is held in the microstructure of the hydration product and is obtained from a paste ignited to high temperature (1050ºC). The capillary porosity in particular is associated with changes in the mechanical properties as well as responsible for transportation of aggressive ions into cement matrix (Laila et al. 2010) . In the present study, the capillary porosity of plain and SF and SNPs modified cement paste at different time interval was calculated by using the following equation based on Power's model )
where, P c is the capillary porosity of the cement matrix, w/c is the water-to-cement ratio taken, c p ρ + is the specific gravity of the cement paste containing SF and SNPs, T α is degree of hydration at time (t) and 1.15 is the volumetric expansion coefficient for hydration product relative to pozzolanic materials reacted (assuming that the hydration products have the same volume, plain or modified) (Bentz 2006; Neithalath et al. 2009 ).
In the present study, some selected hydrated samples (1 and 28d) were investigated using Fourier transform infrared (FTIR) spectroscopy, Thermo-gravimetric Analysis (TGA) and Scanning electron microscope/Energy Dispersive X-ray (SEM/EDX) techniques. Prior to the analysis, at desired hydration time cement paste samples crushed into powder and immersed in acetone to discontinue the hydration process for 24 h. Further, the powdered samples were dried in an oven at 105°C for 4 h, then the samples were sealed in sample bottles for further instrumental analysis.
FTIR spectroscopic analysis was carried using a Thermo Nicolet, IR spectrometer (model: NEXUS 1100, USA) in the range of 400-4000cm -1 for studying the chemical bonding in hydrated phases (Yu et al. 1999) . TGA was conducted using a Perkin-Elmer thermogravimetric analyzer at a heating rate of 10°C min -1 with nitrogen as a medium under static conditions. The temperature range of mass loss between 110°C and the temperature at which CH loss begins (400°C) is considered to indicate the loss of water from all types of C-S-H formed in hydrated Portland cement with and without silica nanoparticles (Ramachandran et al. 2001) . The microstructure of the samples were investigated by SEM (LEO-438 VP) at an accelerating voltage of 15-20kV analyzed under variable pressure (VP) mode with gold coating so as to improve the surface conductivity (Gallucci et al. 2013) . EDX (maker: Bruker; model: XFlash Detector 5010) is assembled with SEM for analysing elemental composition.
Results and discussion
3.1 Influence of silica nanoparticles and silica fume on NEW and degree of hydration of cement paste NEW determination is extensively used method for monitoring degree of hydration of cement paste. To study the influence of SNPs and SF on cement hydration, NEW was measured at different time intervals. Table 2 showed that plain cement combined 0.02g water at 1h, whereas cement with SF (1%) and SNPs (1%) combined more water 0.035 and 0.06g. This may hap-pen due to high surface area of SNPs, serves as additional sites for the formation of hydration product. As water comes in contact with cement grains, dissolution of ions starts and these ions combine with water to form hydration products during the pre-induction period. Progressively, as the induction period starts, hydration process becomes slow as evident with the amount of NEW being 0.025, 0.02 and 0.025g in cement at 2, 3 and 4h, almost constant during this period, but still higher in SNPs modified cement i.e. 0.06, 0.065 and 0.075g (Fig. 1) . Further, during acceleration period, the amount of NEW was 0.065, 0.095 and 0.12g in plain cement, SF (1%) and SNPs (1%) incorporated cement paste, respectively, at 1d of hydration. The percentage increment of NEW in SNPs modified cement paste was found to be higher (~46%), while in SF admixed cement it was upto ~31%, thereby, confirming to our earlier studies that SNPs accelerates the early stage of hydration . Thereafter, with the increase in hydration time NEW increased upto 0.145g at 28d and 0.155g at 56d, in plain cement, similarly in SNPs incorporated cement 0.17 and 0.175g at 28 and 56d, respectively. Hence, it can be concluded that the formation of hydration products by incorporation of SNPs and SF does not have much increamental effect at later ages. Further, the NEW was also determined as the amount of SNPs increased from 1 to 3% and not much change in NEW content was observed.
For the quantification of the total amount of hydration products (crystalline and semi-crystalline) including CH, C-S-H gel, ettringite etc in cement, DOH was determined. It is assumed that the pozzolanic reaction of amorphous silica with calcium hydroxide does not consume any additional water (Papadakis 1999; Madani et al. 2012) .The DOH was determined from 1 to 6h continuously at the interval of an hour, to study the influence of silica nanoparticles on early age of hydration. Fig. 2 , shows that at 1h, DOH in plain cement paste is 8.6%, whereas in SF(1%) and SNPs(1%) added cement, it was 15.2% & 26%, respectively. This increment in DOH was higher in SNPs admixed cement paste due to the formation of additional hydration products. During induction period, hydration process become slow as the layer of initial hydration product formed around the cement grains, which further decrease the rate of dissolution of cement grains. Therefore, in plain cement from 2 to 5h, DOH remains constant at about 10.8%, whereas in SNPs modified cement the increment in DOH was observed as 26% at 2h and 32.6% at 5h. This continuous increase in DOH at early age of hydration is attributed to the nucleation effect of SNPs, wherein the hydration products nucleate on the surface of SNPs. Later on, in plain and SF(1%) incorporated cement paste DOH increased to 67.3 and 70%, while in SNPs(1%) added cement it was observed to be 76% at 56d (Fig. 2) . This increase in DOH at later age caused due to the pozzolanic effect, wherein concentration of calcium ions in the pore solution reduces and therefore, the dissolution of cement grains accelerated . Further, with the increased doses of SNPs(3%), DOH was also increased in the similar manner as that of NEW and the hydration products were quantified ~85% at 56d (Fig. 3) .
Capillary porosity
Initially after adding water into cement, the total space occupied by water is known as capillary pores. Figure 4 illustrates the variation in capillary porosity with time for SF and SNPs modified paste. Due to the formation of initial hydration product till 1h, the capillary porosity was calculated as 47.5% in plain cement. In contrast to the SF and SNPs admixed cement the capillary porosity was reduced to a significant extent even at 1h and was found to be 41.1 and 35.5%, respectively. As the hydration continues, the volume of capillary pores reduces in all samples. At 1d, in plain cement the porosity reduces to 36.8%, while in SF it reduces upto 23% and in SNPs added cement samples it was 16% only. The reduction in capillary pores is more significant in SNPs incorporated samples. This is because in SNPs added cement paste, the rate of formation of hydration product is higher than SF & plain cement. Furthermore, due to pozzolanic reaction, CH was consumed regularly by SNPs and formed additional C-S-H, leading to lowest porosity .This refining of the pore system supports the formation of denser microstructure because the gap between the particles is minimized due to the bridging of hydration products.
Themogravimetric analysis
Thermgravimetric loss of the samples were analysed through TGA. The loss in weight in first region between 110 to 400°C was calculated from TG curve for dehydration of water molecules in C-S-H (Kim et al. 2013; Jain et al. 2009 ). The second region of thermal degradation occurred between 400-500°C corresponding to the mass loss associated with the dehydroxylation of CH. Table 3 presents the loss in weight of C-S-H gel and CH formed during hydration in presence of SF and SNPs, shown in Figs. 5a and 5b. The mass loss on the TG curves of plain hydrated cement, SF and SNPs added cement occurred in the first region were 2.1, 2.2 and 3.4% respectively, at 1 day, while 4.4, 4.8 and 5.8%, respectively at 28 days of hydration. This finding indicates the gradual increase in weight loss for control, SF and SNPs, where the highest percent was found in SNPs incorporated cement due to the higher extent of C-S-H formation. Similarly, at 1day the thermal decomposition of CH occurred with in cement, cement with SF and SNPs, where the corresponding mass losses were 1.0%, 1.03% and 1.6% respectively, whereas at 28 days, this mass loss increases as 2.5%, 2.1% and 1.8% respectively. The thermal decomposition of CH was found higher in SNPs as compared to plain cement, due to nucleation effect, at 1day (Table 3) . At early stage SNPs act as nucleation site for the formation of hydration products such as C-S-H, CH simultaneously. At 28 day, thermal decomposition of CH in cement is more, attributed the formation of more CH as compared to SNPs admixed cement paste. This finding supports the results of FTIR as at 28 days the peak of CH is reduced in SNPs than plain cement and SF and revealed that the pozzolanic reactivity of SNPs is higher.
FTIR analysis
The FTIR spectrum of the hydrated cement, SF and SNPs incorporated cement paste shows a complex group of bands in the range of 400-1200cm -1 , corresponding to the asymmetric and symmetric stretching vibrations of Si-O bonds, a band at ~534cm -1 appears due to Si-O-Si bending vibrations, and a group of bands in the range of 400-500cm -1 due to deformation of SiO 4 tetrahedral. In a silicate network various forms of Si-O bonding can be observed. The basic tetrahedral unit (SiO4) 4-is denoted as (Q 0 ) which is due to isolated silicate tetrahedra in the crystal structure of unhydrated tricalcium silicates (C 3 S) and dicalcium silicates (C 2 S). In the present work, a sharp band at ~873cm -1 and 719cm -1 were associated with the bending-in-plane vibrations of the Si-O bonds in C 3 S and C 2 S. The intensities of these bands were found decreased in SNPs incorporated cement paste indicating the accelerated consumption of C 3 S and C 2 S (Bosque et al. 2014) as the C-S-H crystals formed (Fig. 6) . Q 1 site represents a dimer, where Q 2 site accounts for silicon atoms in a polymeric chain of tetrahedral silica. Several authors (Bjornstrom et al. 2004) reported that in a C-S-H gel network Q 1 accounts for vibrational frequencies at around 811cm -1 and Q 2 vibrational modes are identified by a well defined peak at around 980cm -1 and a shoulder at around 1060cm -1 . In this study, a broad hump appeared at 1024cm -1 in hydrated cement paste, which is slightly shifted to 1070-1149cm -1 in the FTIR spectra of SNPs incorporated cement at 1 day, which has been defined as a fingerprint evidence for more degree of polymeriza- tion of silicate network in C-S-H phase, pointing towards the formation of Q 2 peak, and the 1.4nm tobermorite contain mostly Q 2 peaks. As the hydration progresses, the bands around 1024cm -1 gradually broaden and noticeable shift to the vibrations of higher wavenumber (up to 1070-1149cm -1 ) can be identified as a strong indication of more complex degree of polymerisation (Bjornstrom et al. 2004) . The IR spectra are in agreement with the interpretation through EDX also, that the addition of additives results in the formation of additional C-S-H gel, which could possess a low C/S ratio. According to the previous studies the additional C-S-H has more polymerised silica network with different characteristics, one of them being assigned to enhancement in durability (Holley et al. 2014) . The intensities of the 1413-1449cm -1 band of SNPs was smaller than that of the hydrated cement at 1d, suggesting the decrease in carbonation ratio (Fig. 6) . A sharp band at ~3650 cm -1 associated to O-H group stretching vibrations of Ca(OH) 2 formed during hydration of cement. At 1d, a small peak is appeared in SNPs incorporated cement only, which is the first sign of neucleation reaction started, while in cement and SF incorporated cement this peak is not very clear, it could indicate that SF starts to take part in hydration process later on. Further, at the age of 28 days, the decrease of the peak band associated to Ca-OH in SNPs incorporated cement showing the pozzolanic reactivity of SNPs, whereas in cement this peak is intense. The peaks between 3600 to 1610cm -1 are correspond to stretching and free -OH groups of water molecules present in the capillary pores (Yu et al. 1999 ). This band diminished as the hydration process proceeded, implying a decrease in free water due to C-S-H bond formation (Ylmen et al. 2009 ). The decrease in the intensity of this band for SNPs was the most pronounced at 28 days of hydration. Furthermore, the ~3650cm -1 band of SNPs had nearly disappeared, suggesting increased consumption of Ca(OH) 2 and also increased formation of C-S-H phase compared to SF, which signify that the pozzolanic reactivity of SNPs for Ca(OH) 2 is higher than SF (Fig. 7) . The intensities of the Si-O bending bands of SNPs incorporated cement at 28 days of hydration dropped noticeably, while those of plain cement did not change significantly. These findings were further evidences for the polymerization of the silica groups and formation of C-S-H in SNPs modified cement as hydration time was extended to 28 days.
SEM and elemental composition analysis
SEM analysis was carried out to study the influence of SNPs on the microstructure of the hydrated cement. At 1 day, the surface of hydrated cement is displaying a heterogeneous distribution of hydration products i.e C-S-H, CH crystals and ettringite with some microcracks, while in SF admixed cement flakes of C-S-H appeared on the surface of cement grains, with needle like morphology of ettringite (Fig. 8 C1 and SF1) . The SEM images of SNPs incorporated cement shows that a thin layer of C-S-H is formed (Fig. 8 SNPs1) over the surface of unhydrated cement grains and the development of CH crystals in SNPs modified cement is more at 1day due to accelerating hydration of C 3 S and C 2 S crystals as con-
Fig.7 FTIR transmission spectra of plain and SNP incorporated cement at 28 days of hydration.
firmed by FTIR results. EDX analysis showed that the C/S ratio in plain cement paste observed as 2.6 at 1d, while in SF and SNPs incorporated cement the C/S ratio was observed lower than cement i.e. 2.1 and 1.7, respectively ( Fig. 8 b and c) . This may happened because in SF and SNPs admixed cement nucleation effect takes place at early age, wherein various active sites provides by SNPs surface for the nucleation of hydration products due to its high surface area.
Further at 28 days of hydration, The SEM images of hydrated cement, SNPs and SF incorporated cement are shown in Fig. 8 C28, SF28 and SNPs28. At the same time, in the hardened cement paste formation of small and large hexagonal CH crystals were appeared in huge quantity, whereas addition of SF caused the structure to become compact consisting few CH crystals also. In contrast, the morphology of SNPs incorporated cement is differ from the plain and SF incorporated cement. In SNPs added cement the texture of the hydration products is denser and more compact with lesser crystals of CH observed all through the structure. Additionally, the C/S ratio in cement at 28d was found highest among all samples i.e 2.3 due to the formation of CH simultaneously, embedded with in C-S-H gel. Similarly, it can be observed that with the addition of SF and SNPs, C/S ratio found 1.87 and 1.5, respectively, due to the pozzolanic effect, which consume CH and formed C-S-H of lower C/S ratio. Although the literature suggests that the pozzolanic materials could deliver low C/S ratio (Singh et al. 2013) . It could be noticed that as a result of low C/S ratio produced by SNPs addition, promote the development of denser microstructure. Therefore, it can be concluded that the hydration mechanism of the cement can be tuned with the incorporation of SNPs and thus, producing more durable and sustainable cementitious materials.
Conclusions
The findings of the present study are concluded as an increase in NEW shows that SNPs accelerate the hydration at early stage as it combine 0.145g of water at 1d, whereas plain cement combine 0.065g. Therefore, more than 50% increase in NEW is indicates more hydration products in SNPs blended cement. DOH also increases similar to NEW. In SNPs added cement DOH is calculated 85%, whereas in plain cement 67% only, at 56 days. Addition of SNPs reduce the capillary porosity ~75% than plain cement. Furthermore, EDX study reveals that in SNPs incorporated cement the C-S-H of lower C/S ratio (~1.5) formed, whereas in plain and SF admixed cement C/S ratio was observed as ~2.3 and ~1.87, respectively. FTIR results revealed the the formation of highly polymerised C-S-H with the appearance of Q 2 peak. Hence, It can be concluded that the addition of SNPs in cement leading the microstructure of to be denser and compacted as compared to SF.
